CIRCUS12 3.3 ± 0.4; difference of the peak velocities: −3.83 ± 7.72 cm/s between CIRCUS4 and GRAPPA2, −1.72 ± 8.41 cm/s between CIRCUS12 and GRAPPA2). In patients with intracranial aneurysms, the higher temporal resolution improved capturing of the flow features in intracranial aneurysms (pathline visualization scores: GRAPPA2 2.2 ± 0.2; CIRCUS4 2.5 ± 0.5; CIRCUS12 2.7 ± 0.6). Conclusion The proposed rapid 4D flow MRI with a high temporal resolution is a promising tool for evaluating intracranial aneurysms in a clinically feasible acquisition time.
Introduction
Four-dimensional (4D) flow MR imaging has the ability to provide a comprehensive evaluation of intracranial hemodynamics, which has the potential to provide guidance to clinicians in the evaluation of intracranial aneurysms [1] [2] [3] [4] , plaque [5, 6] , arteriovenous malformations [7, 8] and cerebral veins [9, 10] . Due to the small lumen diameter, intracranial MRI requires a relatively high spatial resolution resulting in long scan times even for limited coverage. High spatiotemporal 4D flow MR imaging is desirable, but the resultant scan times could take 15 min or much longer, and thus its practical use in clinical studies is limited.
To address this challenge, a variety of acceleration methods have been developed and applied in 4D flow MRI. Non-Cartesian acquisitions such as radial [11] [12] [13] and spiral [14] [15] [16] [17] sampling trajectories have been investigated for accelerating flow imaging. The k-t SENSE and k-t BLAST methods have been used to significantly shorten the scan time in several studies [18, 19] , but could result in
Abstract
Objectives To evaluate an accelerated 4D flow MRI method that provides high temporal resolution in a clinically feasible acquisition time for intracranial velocity imaging. Materials and methods Accelerated 4D flow MRI was developed by using a pseudo-random variable-density Cartesian undersampling strategy (CIRCUS) with the combination of k-t, parallel imaging and compressed sensing image reconstruction techniques (k-t SPARSE-SENSE). Fourdimensional flow data were acquired on five healthy volunteers and eight patients with intracranial aneurysms using CIRCUS (acceleration factor of R = 4, termed CIRCUS4) and GRAPPA (R = 2, termed GRAPPA2) as the reference method. Images with three times higher temporal resolution (R = 12, CIRCUS12) were also reconstructed from the same acquisition as CIRCUS4. Qualitative and quantitative image assessment was performed on the images acquired with different methods, and complex flow patterns in the aneurysms were identified and compared. Results Four-dimensional flow MRI with CIRCUS was achieved in 5 min and allowed further improved temporal resolution of <30 ms. Volunteer studies showed similar qualitative and quantitative evaluation obtained with the proposed approach compared to the reference (overall image scores: GRAPPA2 3.2 ± 0.6; CIRCUS4 3.1 ± 0.7; temporal blurring and an underestimation of peak velocities during systole [20] [21] [22] [23] . This results from view sharing that is imposed across the temporal domain. Recent work has reported improved performance in this regard by using modified k-t approaches [24, 25] . Other approaches that propose the use of compressed sensing (CS) to reduce scan time by exploiting image sparsity [26] have been investigated for accelerating flow imaging [27] [28] [29] [30] [31] . CS has been combined with parallel imaging (PI) for further accelerating flow imaging [32] [33] [34] . Some of the previous studies were specifically focused on accelerated intracranial 4D flow MRI [22, 35, 36] .
However, limitations in scan time and temporal resolution still remain. Although previous studies have managed to reduce the scan time for intracranial 4D flow imaging to the order of 10 min, this is still lengthy from a clinical perspective. Further reduction in acquisition time will reduce the likelihood of patient motion during the scan and provide improved patient compliance with studies. The temporal resolution is however commonly sacrificed to obtain an acceptable acquisition time, such as being reduced to around 70 ms or even longer, which in turn can lead to a significant loss of information. Recently it has been suggested that temporal resolution shorter than 40 ms is desirable in 4D flow cardiovascular MRI [37] . In this study, we aim to evaluate the feasibility of performing a highly accelerated 4D flow imaging to shorten the scan time (~5 min) as well as to increase the temporal resolution (<30 ms).
CIRcular Cartesian UnderSampling (CIRCUS) [38] is an undersampling strategy that integrates desirable features of randomization, variable density and flexible interleaving trajectories on a 3D Cartesian grid. Compared to other undersampling patterns that have been proposed such as the widely used Poisson-Disk sampling [39] [40] [41] , CIRCUS provides high computation efficiency, flexible selection of trajectories and various degrees of randomization, without use of a random operator or lookup table. More importantly, CIRCUS provides flexible interleaving schemes by employing a golden ratio based profile, which allows for retrospective gating. CIRCUS was first evaluated by obtaining retrospective undersampling from the fully acquired data [38] and then implemented and performed prospectively for applications including 3D cardiac CINE MRI and 3D dynamic contrast-enhanced (DCE) MRI [42, 43] .
In this study, we implemented accelerated 4D flow MRI with CIRCUS acquisition and evaluated it in both healthy volunteers and patients with intracranial aneurysms by assessing the qualitative and quantitative comparisons to the reference method using GRAPPA [44] . We aim to provide efficient intracranial 4D flow MRI studies that can be completed in a short scan time of ~5 min with a high temporal resolution of <30 ms compared to the conventional acceleration approach with scan times of ~10 min with a relatively low temporal resolution of >70 ms.
Materials and methods

Undersampling and reconstruction
CIRCUS acquisition with spiral-like sampling trajectories [38] was implemented in 4D flow MRI (4-point balanced phase contrast) by alternating the view ordering during the entire scan with cardiac gating. The same sampling pattern was applied for the phase reference and three velocity encodings. With CIRCUS acquisition, the sampling patterns at different time points during the cardiac cycle were interleaved [42] . Undersampled data sets with CIRCUS acquisition were reconstructed with k-t SPARSE-SENSE [45, 46] by using a multi-coil CS reconstruction that exploits joint sparsity along the temporal dimension using a total variation constraint.
The studies were conducted under University of California San Francisco IRB approval, and all data were obtained with human subject consent. Both healthy volunteers and patients with intracranial aneurysms were recruited in this study.
Volunteer study
The 4D flow data were acquired on a 3.0-T MRI scanner (MAGNETOM Skyra, Siemens Medical Solutions, Erlangen, Germany) with a 20-channel head coil. Both the clinical 4D flow imaging protocol with parallel imaging GRAPPA (used as a reference method) and our proposed CIRCUS method were applied on each subject. Prospective gating was applied. Parameters were set to ensure that the number of phases acquired were the maximum achievable within the prospective gating window.
We performed 4D flow MRI acquisitions on five healthy subjects (1 female, 31.6 ± 3.6 years) covering the circle of Willis in the axial view. The scan settings were VENC = 100 cm/s, FOV = 18 × 18 cm 2 , slice thickness = 1.4 mm, matrix = 128 × 128 × 24, FA = 15 o and TR/ TE = 6.0/3.5 ms. The clinical 4D flow protocol was applied as the reference, with an acceleration factor of R = 2 (effectively R = 1.6 because of calibration lines acquired around the k-space center), total scan time of 9.9 ± 1.9 min (~640 heartbeats) and temporal resolution of 72 ms (the number of views per segment was 3), termed GRAPPA2. A shorter scan with the same imaging settings was achieved with CIRCUS acquisition, with an acceleration factor of R = 4.0 ± 0.4, total scan time of 4.1 ± 1.0 min (~256 heartbeat) and regular temporal resolution of 72 ms by choosing 3 as the number of segments, termed CIRCUS4. With CIRCUS acquisition (using the golden ratio profile), a flexible temporal resolution could be retrospectively selected. In this study, the same data as for CIRCUS4 reconstruction were retrospectively reconstructed to provide an increased temporal resolution of 24 ms (R = 12.0 ± 1.2, termed CIRCUS12). We then compared the three methods, GRAPPA2, CIRCUS4 and CIRCUS12, by performing both qualitative and quantitative image assessments.
Patient studies
4D flow MRIs with both CIRCUS and GRAPPA acceleration were acquired and compared by assessing the hemodynamics in intracranial aneurysms. We recruited eight patients with intracranial aneurysms [three internal carotid artery (ICA), two middle cerebral artery (MCA), one vertebral artery (VBA), one anterior communication artery (ACA) and one basilar artery apex (BA) aneurysm]. This patient study cohort is a subcohort of an ongoing prospective study. Patient demographic information is summarized in Table 1 .
Patient data were acquired on the same scanner as used for the volunteer study with the same head coil in the view (generally in the coronal plane) covering the vasculature and lesion of interest and providing extended coverage of the feeding arteries. The 4D flow sequences were performed following contrast-enhanced MR angiography (CE-MRA) with administration of gadolinium contrast. The scan settings were VENC = 100 cm/s, FOV = 24 × 18 cm 2 , slice thickness = 1.25 mm, matrix = 192 × 144 × 24-26, FA = 6° and TR/TE = 6.1-6.4/3.4-3.7 ms. The reference 4D flow imaging protocol GRAPPA2 (R = 1.6) was acquired with a total scan time of 10.4 ± 1.2 min (~720 heartbeats) and a temporal resolution of 73-77 ms; CIRCUS4 (R = 3.9 ± 0.6) was acquired with a scan time of 5.2 ± 0.8 min (~288 heartbeats) and a similar temporal resolution of 73-77 ms; CIRCUS12 images with a higher temporal resolution of 24-26 ms (R = 11.8 ± 2.0) were also retrospectively reconstructed.
Data processing and analysis
MRI data were acquired and then transferred to a highperformance server for off-line reconstruction. Vessel segmentation and streamline and pathline visualization were performed and generated using an in-house script written in Python with the commercial flow visualization software ParaView (Kitware Inc., Clifton Park, NY).
The three different methods, GRAPPA2, CIRCUS4 and CIRCUS12, were compared by assessing image quality and performing quantitative measurements on the volunteer studies. The qualitative assessment was conducted blindly by two experienced reviewers on the MR flow imaging. Image quality was assigned using a 5-point scale, 4 = excellent, 3 = slightly limited but good, 2 = suboptimal, 1 = minimally perceived and 0 = not perceived, for each of the following flow features:
-magnitude image at peak systolic cardiac phase (artifact level, noise level, vessel depiction); -velocity image at peak systolic cardiac phase (artifact level, noise level, vessel depiction and flow pattern); -phase-contrast MR angiography (PC-MRA) (vessel depiction); -streamline CINE and at peak systolic cardiac phase (flow patterns); -pathline CINE (particle trajectories).
A Wilcoxon paired sample signed-rank test was performed on the scores to assess the difference (p value of 0.05 was used as the significant level).
For volunteer scans covering the circle of Willis, regions of interest (ROIs) were selected on both the left and right middle cerebral arteries. Mean velocities within the ROIs For the data acquired on patients with intracranial aneurysms, quantitative comparisons were performed between different methods by evaluating the velocities within the aneurysms and selected ROIs (5 adjacent slices) in the feeding vessels of the aneurysms. Voxel-wise velocities in the aneurysms and mean velocities in the ROIs were measured and compared between different methods. Streamlines and pathlines were generated and evaluated by comparing the visualization of the complex flow patterns in the aneurysms, using the previously described 5-point scale as described above.
Results
Images were successfully acquired on all subjects and were processed for analysis and comparisons. Figure 1 shows the magnitude and velocity images acquired on a representative volunteer subject, with GRAPPA2, CIRCUS4 and CIRCUS12 (columns), respectively. Despite the significant reduction in scan time (from 9.8 to 4.7 min), CIRCUS maintains reasonable image quality even at R = 12 ( Fig. 1, right column, CIRCUS12, temporal resolution = 24 ms). This is also demonstrated in PC-MRA maximum intensity projection (MIP) and streamline and pathline visualizations (at the time point of peak velocity) where the flow patterns were clearly captured, as shown in Fig. 2 .
The 4D flow images were evaluated based on a series of image features as described in the "Data processing and analysis" section. Table 2 shows the qualitative image comparisons between GRAPPA and CIRCUS acquisitions on the healthy volunteers. It demonstrates that the accelerated 4D flow method with CIRCUS acquisition provided comparable image quality to the conventional GRAPPA. CIR-CUS12 allowed a high temporal resolution of 24 ms with an acceleration factor of R = 12 and achieved a slightly higher overall image quality score, as reported in Table 2 . The Wilcoxon signed rank test showed that the scores for the different methods were not significantly different (p > 0.05).
The quantitative comparisons of the velocity measurements in MCAs and the corresponding orthogonal regression and Bland-Altman plots are shown in Fig. 3 . As shown in Table 3 , there was no significant difference (p > 0.05 using the paired t test) in velocity measurements between the methods (CIRCUS4 vs. GRAPPA2, CIRCUS12 vs. GRAPPA2, CIRCUS4 vs. CIRCUS12), and the paired measurements were also shown to be highly correlated (p < 0.05).
The 4D flow images obtained in eight patients with aneurysms using GRAPPA2, CIRCUS4 and CIRCUS12 were compared by evaluating the flow patterns (streamlines and pathlines) in the aneurysms. Streamlines were successfully generated in all patient data sets, and pathlines in the aneurysms were obtained in six of the eight patients. For two patients with MCA aneurysms, pathlines were not successfully generated because of the slow flow or small aneurysm size. The qualitative scoring on visualization of abnormal flow patterns in the aneurysms for different methods is reported in Table 4 . With further reduced scan time and improved temporal resolution, CIRCUS12 provides comparable streamlines (score of 3.1 vs. 3.2) and improved pathline visualization (2.7 vs. 2.2) compared to those with GRAPPA2 (Table 4) . Figure 4 shows the aneurysms and ROIs chosen in the feeding arteries of the aneurysms in patients for quantitative comparisons on the velocities, as reported in Table 5 . Although no significant difference was found between the methods in the mean velocities of the feeding arteries, the variations in the measurements between different methods were found to be larger than those in volunteers.
Voxel-wise comparisons of the velocities in the aneurysms showed no significant difference between the different methods (Table 5) , while the variations between the GRAPPA2 and CIRCUS methods were about twice those between CIRCUS4 and CIRCUS12.
In Figs. 5, 6 and 7, streamlines (b) and pathlines (c) (at the time point of peak velocity) from three patients with intracranial arterial aneurysms obtained with different methods are shown; MRA images of the aneurysms are also displayed (a). The streamlines are similar among the different methods; however, overall, CIRCUS could provide improved pathline visualization (better tracking of the swirling flow patterns in the aneurysms as shown in Figs. 5 and 7). Figure 6 shows that CIRCUS retains pathlines in regions of the aneurysm where there is slow recirculating flow, providing visualization of flow in those locations, which is not the case for GRAPPA2. We also note that for the viewing angle used in Fig. 6 , the high-velocity components in the proximal parent vessel lie behind the slow flow regions and are therefore not visualized on CIRCUS but remain visible on GRAPPA2 as GRAPPA2 fails to display the overlying slow intra-aneurysmal flow. Since variations in the data post-processing such as vessel segmentation and streamline and pathline generations could not be fully avoided, there were visible differences among the generated flow patterns. 
Discussion
There is considerable recent interest in 4D flow methods in the MRI research community. This reflects the potentially strong clinical impact that a comprehensive and quantitative assessment of hemodynamics may provide. Evolution of intracranial aneurysmal disease is known to be related to hemodynamic forces acting on the vessel wall. The distribution of wall shear stress (WSS) on the aneurysm wall can be estimated from 4D flow MRI data, and low WSS was shown to be an important contributor to local remodeling of the arterial wall and to aneurysm growth and rupture [47] . However, as stated above, there are challenges in 4D flow MRI that have to be addressed before it attains broad acceptability for clinical use. Acquisition time is challenging for 4D flow MRI. Reducing scan time not only permits the practical clinical use of the approach, but it also improves patient comfort and reduces healthcare costs. We report here the development and validation of an efficient 5-min approach. Overall, we were able to demonstrate that the proposed approach provides qualitatively and quantitatively comparable results to those acquired with the conventional method, while the proposed method further reduced the scan time by another factor of 2 and improved the temporal resolution.
CE-MRA is a routine clinical protocol used to image aneurysms at our institution (to image the geometry and Table 1 in the same order. Vessel contours were generated from PC-MRA measure the size of aneurysms). In our study, 4D flow MRI was applied immediately after the routine CE-MRA. As demonstrated in previous studies [48, 49] , 4D flow MRI is expected to benefit from an improved signal-to-noise ratio in magnitude images and noise reduction in velocity maps compared to those without contrast enhancement. In this study, a routine 4D flow study and an undersampled 4D flow study were added to the routine clinical imaging. This resulted in a total time in the scanner that was difficult for the clinical patients to endure. To minimize the total time that they needed to be in the scanner, we chose to reduce the total acquisition time by using a lower temporal resolution in this comparison. Although temporal resolution of less than 40 ms remains desirable, as noted in [37] , the methods that we used were compared with the same temporal window so the conclusions about their relative performance should not be affected (we also note that others have also used temporal resolutions greater than 40 ms [1, 2, 5] ). Establishing adequate performance of our accelerated method will permit us to use better temporal resolution in subsequent studies without incurring an excessively long acquisition time. Table 5 Comparisons of quantitative velocity measurement between images with different acceleration methods applied on eight patients Mean velocities were measured at feeding arteries, and voxel-wise velocities within the aneurysms were assessed (locations of the aneurysms and ROIs are shown in Fig. 4 ) (p value was greater than 0.05 for all pairs using paired t test) A second-order Maxwell correction has been applied in the online reconstruction for the data acquired with GRAPPA2 as provided by the vendor. A second-order polynomial eddy current correction was performed in the off-line postprocessing for the data acquired with GRAPPA2 and CIRCUS. In the current study, our intracranial scans were conducted at iso-center with a small field of view, and thus the phase errors caused by the Maxwell terms were expected to be very small, although ideally we should have Maxwell corrections for the data acquired with CIRCUS as well.
Partial volume effect is always challenging for imaging small vessels and in quantitative mapping. Given the small sizes of the intracranial vessels and relatively low spatial resolution that can be achieved using 4D flow MRI, partial volume effects could be an important factor that affects the accuracy of the velocity maps that we obtained in this study, although image post-processing was carefully performed (such as vessel segmentation using the contours from MRA). Although our current study focuses on reducing the scan time and improving temporal resolution, the acceleration could be exploited for achieving higher spatial resolution, which could help reduce partial volume effects.
Although the differences in the mean velocities among GRAPPA2, CIRCUS4 and CIRCUS12 in both volunteer and patient studies were not significant, we found larger variations in patients than in volunteers (Tables 5 vs. 3). Patient studies required specification of different imaging orientations and identification of more complex vascular anatomy. Furthermore, patients often have anxiety and other conditions that make it more challenging for them to remain still for a long MRI examination. In comparison, the volunteer study including young healthy subjects and imaging coverage was consistent across subjects resulting in less variation in those measurements. Although the same imaging slab was chosen for GRAPPA2 and CIRCUS during the MRI scan, there was a slight mismatch between the two different acquisitions presumably because of patient movement. Careful registration was applied between the data sets, although potential spatial shifts and a partial voxel effect remain given the current spatial resolution. Quantitative voxel-wise comparisons were quite sensitive especially for the complex flow patterns in the aneurysms where slow flow, which has an inherently low velocity-to-noise ratio, is prevalent. Although overall our results showed no As shown in the Results (Figs. 5, 7 ), the pathlines with CIRCUS could provide better tracking of the swirling flow patterns in the aneurysms compared to those with GRAPPA. This is because CIRCUS accounts for the temporal information continuity better, with an interleaved data acquisition through time. In particular, with a higher temporal resolution (24 vs. 73 ms), CIRCUS12 provides finer pathline patterns in the aneurysms because of an improved temporal continuity in the image reconstruction, which improves particle tracing for the pathline generation (as shown in Figs. 5, 6, 7) . The accuracy of the quantitative flow method is crucial for precise diagnosis and consistent monitoring for patients who are being followed longitudinally. Because of acquisition time constraints and relatively smaller flow variations through the cardiac cycle, lower temporal resolution is often used for intracranial imaging. However, this study demonstrates that improved temporal continuity is useful for improving particle tracing in the aneurysms (mainly slow flows). Future studies need to investigate whether the improved temporal resolution could provide improved measurements of the other derived hemodynamic descriptors such as wall shear stress, oscillating shear indices, pressure and so on.
In addition to reducing the scan time to limit potential motion artifacts that might otherwise occur during a long scan, our proposed method used the CIRCUS scheme that employs a spiral-like sampling pattern and more frequent acquisition of the center of k-space, which is inherently motion robust and could be very useful for unstable patients.
In addition to the advantages of scan-time reduction and/ or higher temporal resolution, accelerated 4D flow MRI also allows for increased options for developing advanced 4D MRI techniques that would otherwise require prohibitively long scan times. This includes multi-VENC [4, 50, 51] methods, which require more velocity encodings (longer scan time) to either improve the velocity-to-noise ratio (VNR) or cover a greater range of velocities; higher-directional velocity encoding (ICOSA6) [52] for improved quantification of turbulence and the associated pressure drop; or simply for Fig. 7 Streamline (b) and pathline (c) visualizations from a patient with GRAPPA2, CIRCUS4 and CIRCUS12, respectively. MRA is shown in (a). This patient was found to have a dysplastic multi-lobed aneurysm involving the right petrous and cavernous ICA, with erosion into the adjacent lateral wall of the sphenoid sinus found incidentally on CTA for headache imaging applications with a higher spatial resolution for better visualization of small vessels or for larger coverage such as in whole-brain, chest or abdominal imaging.
The focus of this study is to demonstrate the feasibility of an undersampling approach for reliably acquiring intracranial 4D flow MRI with a reduced scan time and greatly improved temporal resolution. Although the methods were applied to a group of volunteers and patients, the clinical value of the approach requires a study with a larger cohort of patients and more quantitative hemodynamic parameters. In this study, we used a conventional 4D flow MRI method with clinically relevant imaging settings on human subjects to validate our proposed method. Future studies will be conducted in a flow phantom with a complex structured velocity field that is not subject to uncontrolled effects during the scan (e.g., movement or heart-rate variability) and that allows extended scan times where imaging settings can be optimized. For this research project, image reconstruction of the 4D flow images was performed off-line using a high-performance server (Four 2.5-GHz AMD Opteron 6380 with 256-GB memory). The large computation cost associated with parallel imaging and compressed sensing techniques resulted in image reconstruction times of 2-4 h in the current study with a CPU-based solver. This needs to be significantly improved if the method is to become clinically viable, which could be accomplished by the use of dedicated GPU-based workstations.
Conclusions
In summary, we have implemented and validated a highly accelerated 4D flow MRI method for intracranial imaging, which can be completed in 5 min with a high temporal resolution of <30 ms. The proposed method was shown, based on qualitative and quantitative assessment of the images of healthy volunteers as well as patients with intracranial aneurysms, to be comparable to a conventional 4D flow MRI method. This offers the promise of an efficient approach for depicting abnormal flow patterns in intracranial aneurysms.
